The objective of this work is to study the large deflection of geometrically asymmetric metal foam core sandwich beam under transverse loading by a fiat punch. A yield criterion is proposed for geometrically asymmetric metal foam core sandwich structures, and then analytical solution for the large deflection of a fully clamped slender sandwich beam is obtained, in which the interaction of bending and stretching induced by large deflection is considered. Also, finite element (FE) analysis is carried out. Comparisons of the analytical solution with numerical results are presented and good agreements are found. The effects of asymmetric factor, core strength and loading punch size on the structural response of asymmetric sandwich beam are discussed in detail. It is shown that the axial stretching induced by large deflection has significant effect on the load-carrying and energy absorption capacities of geometrically asymmetric sandwich structure, but the effect of asymmetry is negligible as the deflection is larger than the depth of the sandwich beam.
Introduction
Lightweight sandwich structures are being widely used in a number of critical engineering, such as aircrafts, spacecrafts, vehicles, ships, high speed train carriages. The conventional sandwich structures have two identical face sheets in material and geometry. However, the face sheets may have different thickness and materials, and/or any combination of these for some special applications. The face sheets are generally made up of solid materials, such as steel, aluminum or fibre-reinforced composites and the cores are lightweight materials, including metal and polymer foams, lattice and honeycomb structures, woven materials, egg-box [Ashby et al., 2001; Fleck, 2001, 2003; Gibson and Ashby, 1997; Noor et al., 1996; Queheillalt and Wadley, 2005; Sypeck DJ and Wadley, 2001; Wadley et al., 2003; Xu et al., 2010] , etc.
In the past decades, investigations were devoted to analyzing the quasi-static deflection response and competing collapse modes of the simply supported sandwich beams with an aluminum foam core It has been recognized that sandwich beams fail by a number of competing mechanisms. Gibson and Ashby [1997] concluded the collapse mechanism maps of sandwich beams in bending to show the dependence of failure mode upon the geometry of beam and the strengths of the face sheets and core. Three-point bending experiments were carried out and metal foam core sandwich beams have several failure modes: face yield, indentation, core shear and face wrinkling, which were observed by Bart-Smith et al. [2001] and McCormack et al. [2001] . Also, they constructed the initial failure mode maps, which illustrate the dominant failure modes for practical design of sandwich structures. Subsequently, Bart-Smith et al. [2002] studied the retention of the load capacity of metal foam core sandwich beams in the presence of imperfections in four-point bending test. Moreover, Romanoff and Varsta [2006] obtained an analytical solution for the bending of a metal web-core sandwich beam under four-point-bending. Russell et al. [2011] studied the competing collapse mechanisms and structural response of simply supported and clamped carbon fiber sandwich beams with square honeycomb cores in three-point bending.
The aforementioned analyses are based on the assumption of small deflection, while there is little research on the large deflection response of sandwich structures with various boundary conditions, in which axial stretching induced by large deflection and the interaction of bending moment and axial force should be considered in analysis. Onat and Prager [1953] studied the limit analysis in which axial forces as well as bending moments were taken into account for the solid rectangular and I-type cross-sections, respectively. Haythornwaite [1957] experimentally and theoretically studied the effect of axial force on the large deflection response of fully clamped beam with solid rectangular cross-section subject to a transversely concentrated load. Moreover, Tagarielli et al. [2005 Tagarielli et al. [ , 2004 presented combined experimental and numerical investigations of the three-point bending of simply supported and clamped composite and metal foam core sandwich beams, respectively. They found that both the competing collapse modes of the simply supported are similar to those of fully clamped sandwich beams. Moreover, they developed an elastic model and an elastic-perfectly plastic model for fully clamped composite and metal foam core sandwich beam, respectively. The deformation is subdivided into three phases, i.e. elastic bending, transition and membrane phases.
The classical yield criterion may be highly accurate for the metal sandwich structure with thin and strong face sheets and a thick and weak core, but it becomes less accurate as the sandwich structure approaches the limit of monolithic solid one Large Deflection of Geometrically Asymmetric Sandwich Beam 25 Fleck and Deshpande [2004] . More recently, Qin and Wang [2008, 2009a] derived a new yield criterion for geometrically symmetric metal sandwich structures incorporating the effect of core strength and obtained an analytical solution for the large deflection of a slender symetric metal foam core sandwich beam with axial restraints under transverse loading by a flat punch. Based on the new yield criterion, Qin and Wang [2009b] and Qin et al. [2009] investigated the impulsive response of fully clamped symmetric metal sandwich beams by using the membrane factor method, in which interaction of bending and stretching is considered. Also, Qin and Wang [2007, 2011] investigated the impulsive response of a fully clamped circular metal foam core sandwich plate and the low-velocity impact response of a fully clamped metal foam core sandwich beam, respectively.
Up to now, very limited work was devoted to the asymmetric sandwich structures, e.g., Frostig et al. [1991] investigated the bending behavior of an asymmetric metal or composite sandwich beam with a flexible, foam-type core. The objective of this work is to study the large deflection of geometrically asymmetric sandwich beam with metal foam core under transverse loading by a flat punch. This paper is organized as follows. A yield criterion is proposed for geometrically asymmetric sandwich structures in Sec. 2. Analytical solutions for the large deflection of a fully clamped asymmetric metal foam core sandwich beam under transverse loading by a flat punch are derived in Sec. 3. In Sec. 4, finite element calculation is carried out and comparisons with analytical predictions are presented. Moreover, the effects of asymmetric factor, core strength and loading punch size on the structural response of the geometrically asymmetric sandwich beam are discussed in detail. The concluding remarks are presented in Sec. 5.
A Yield Criterion for the Geometrically Asymmetric Sandwich Structures
The yield criterion for symmetric metal sandwich structures considering the effect of core strength is proposed by Qin and Wang [2008, 2009a] which is not only accurate for the symmetric sandwich cross-section with thin and strong face sheets and a thick and weak foam core, but also for the symmetric sandwich one with a strong core. Also, it can reduce to the well-known yield criterion for the solid monolithic cross-section and the classical yield criterion for the sandwich crosssections with a weak core, respectively Martin [1975] . Herein, a yield criterion is proposed for geometrically asymmetric sandwich structures incorporating the effect of core strength.
Asymmetric factor
Herein, we consider a geometrically asymmetric metal foam core sandwich beam with a rectangular cross-section and axial constraints, as shown in Fig. 1 , in which b is the width of the cross-section. The top and bottom face sheets with thickness h t and h b are perfectly bonded to the metal foam core with thickness c. It is assumed that the top and bottom face sheets obey the rigid-perfectly plastic law with the yield strength σ f , and the metal foam core is modeled as a rigid-perfectlyplastic-locking (r-p-p-l) material with a plateau-stress σ c and critical densification strain ε D . The asymmetric sandwich beam is transversely loaded at its midspan by a flat punch, as shown in Fig. 2 . For the problem, the shear and axial forces and the bending moment should be considered simultaneously in analysis. Usually, the shear force is negligible compared with the bending moment and the axial force, particularly for structural response of the slender beams. In the case of large deflection, axial stretching and the interaction of bending and axial stretching are important and should be considered. Also, the core strength should be considered in analysis, especially for the sandwich structures with a strong metal foam core, since the metal foam core can offer higher stiffness and strength compared to the classical soft core, e.g., polymer foam.
Herein, we define a factor α to assess the asymmetry of the sandwich structures,
For the case of 0 < α < 1, the top face sheet is thinner than the bottom one. If α > 1, the sandwich structure has a thicker top face sheet compared with the bottom one. If α = 1, the sandwich structure is symmetrical. For the limit cases 
It is seen that the plastic neutral surfaces located in the core as |δ| ≤ 1, and in the top and bottom face sheets as δ > 1 and δ < −1, respectively.
2.3.
Yield criterion for the case of plastic neutral surface in the core (−1 < δ ≤ 1)
It is assumed that the sandwich cross-section has fully plastic stress distribution. The distributions of the strains and stresses in the asymmetric sandwich crosssection are shown in Fig. 3 . The neutral surface is measured from the bottom face sheet, as shown in Fig. 3 , which is denoted by
and 1 corresponding to fully plastic axial tension, bending and compression, respectively. Here, we define that the value is positive when the moment turns clockwise. The resultants of the axial force N and the bending moment M for different values of ζ 
can be expressed as
For the limit cases of ζ = 0 and ζ 0 , we respectively obtain
and
Thus, it follows from Eqs. (2.7) and (2.8) that
where
From Eqs. (2.5) to (2.9), we have
Similarly, we can obtain the expressions of N/N p and M/M p for the case of M/M p − C 1 N /N p < 0, where C 1 = 8(α 2 − 1)(σ − 1)h 2 /E 1 Eliminating the parameter ζ from Eqs. (2.10) and (2.11) and using the wellknown Tresca yield criterion, we have the following yield criterion for the geometrically asymmetric sandwich section when m − C 1 n ≥ 0
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When m − C 1 n < 0, we obtain
It is readily seen that if the asymmetric factor α = 1, then the yield criterion Eq. (2.12a) or (2.12b) reduces to the following one for symmetric sandwich structures [Qin and Wang, 2009a ]
( 2.13) 2.4. Yield criterion for the case of plastic neutral surfaces out of the core (δ < −1 and δ > 1)
Employing the same procedure as Sec. 2.3, we have the yield criterion of the asymmetric sandwich section for the case of plastic neutral surface in the top face sheet.
2 + (α + 1). Replacing the α and m in Eqs. (2.14a) and (2.14b) by 1/α and −m, we can easily obtain the yield criterion for the case of plastic neutral surface in the bottom face sheet.
The predicted yield surfaces for the geometrically asymmetric metal sandwich cross-sections are shown in Fig. 4 . It is clear that the present yield criterion is valid for the asymmetric metal sandwich cross-sections with different core strength and geometries and can reduce to the yield criterion for the symmetric sandwich cross-sections [Qin and Wang, 2009a] . In what follows, the yield criterion would be employed to derive the analytical solutions for the large deflection of fully clamped geometrically asymmetric sandwich beams with a metal foam core, in which the interaction of bending and stretching is considered.
Analytical Solution for Large Deflection of Fully Clamped Asymmetric Sandwich Beam
Herein, we consider a geometrically asymmetric metal foam core sandwich beam with fully clamped boundary condition under transverse loading by a flat punch as shown in Fig. 1 . This is a slender beam with the span 2L and the loading punch width 2a. It is assumed that the slender asymmetric sandwich beam deforms in a global manner without local denting beneath the central punch. Thus, the sandwich cross-sections keep the original shape and the transverse deflection profile is the same as that of fully clamped rigid-perfectly plastic solid beam under transverse loading by a flat punch. If the bottom face sheet has the maximum transverse deflection W under load P , then the left-hand portion (L-a) of the sandwich beam have a total extension e e = e 1 + e 2 , (3.1)
where e 1 and e 2 are the axial extensions concentrated at the ends of the left-hand portion, as shown in Fig. 5(a) . The total elongation of left-hand part of the sandwich beam is The angular rotation, as shown in Fig. 5(a) , is
3)
The moment equilibrium equation for the sandwich beam, as shown in Fig. 5(b) , may be written as
where F ≈ N for moderate deflection. When N = 0, M = M p and W 0 = 0, the global deformation of the sandwich beam occurs, and a static collapse loadP c can be determined from Eq. (3.
3.1. The plastic neutral surface located in the core (−1 < δ ≤ 1)
According to the associated flow rules of yield criteria Eqs. (2.12a) and (2.12b) for asymmetric sandwich beam, we obtain the following normality relation at the fully clamped ends and the points adjacent to the central punch of the sandwich beam, respectivelẏ
Substituting Eqs. (3.1)-(3.3) into Eqs. (3.6a) and (3.6b), we have the relationship between the deflection W and non-dimensional axial force n. Two cases of the plastic neutral surface in the core, i.e. −1 ≤ δ ≤ 0 and 0 < δ ≤ 1 are considered.
,
for the case of −1 ≤ δ ≤ 0, and
7b) for the case of 0 < δ ≤ 1 From Eqs. (2.12a and 2.12b), (3.4) and (3.7a) and (3.7b), we have
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It should be noted that in the case of W * 0 ≥ 1, n = 1, the asymmetric sandwich beam is in a membrane state and behaves like a stretched plastic string. Such that
Let the asymmetric factor α = 1, then Eqs. (3.8a)-(3.8c) reduce to the following solutions for symmetric sandwich beam transversely loaded by a flat punch at midspan [Qin and Wang, 2009a ]
The external work will be dissipated by the overall deformation of the sandwich beam, and the absorbed plastic deformation energy U of the sandwich beam can be 36 Q. H. Qin et al. calculated as
(3.10)
From the above mentioned solutions and Eq. (3.10), one can easily calculate the dissipated plastic energy,
11a) for the case of −1 ≤ δ ≤ 0, and
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for the case of 0 < δ ≤ 1, in which
Let the asymmetric factor α = 1, then Eqs. (3.11a) and (3.11b) reduce to the following solutions for symmetric sandwich beam transversely loaded by a flat punch at midspan [Qin and Wang, 2009a] . The solutions Eqs. (3.8a), (3.9) and (3.11a) are shown in Figs. 6(a) and 6(b), respectively. It is seen from Fig. 6(a) that the load-carrying capacities of the asymmetric sandwich beams decrease with the increase of α before deflection exceeds the depth of the sandwich beams as α > 1. It is clear from Fig. 6(a) that the load-carrying capacities of the asymmetric sandwich beams are the same as that of symmetric one as the deflection exceeds the depth of the sandwich beams, while the difference of the plastic energy absorption among the asymmetric sandwich beams is almost a constant when the deflection exceeds the depth of the sandwich beams, as shown in Fig. 6(b) . This may be due to the fact that the sandwich beams are in the membrane state and behave like a stretched plastic string as the deflection becomes large. For the case of α = 20 or α = 1/20, the load-carrying and energy absorption capacities of asymmetric sandwich beams are nearly equivalent to those as α → ∞ or α → 0. This means that the load-carrying and energy-carrying capacities of the symmetric sandwich beams are better than the asymmetric ones. For a fixed value of deflection, one can see from Fig. 6(a) that the predicted transition point between the end of plastic collapse with moment-axial force interaction and the start of membrane state occurs in the deflection of the depth, for the fully clamped asymmetric sandwich beam, which is the same as that of the symmetric sandwich beam [Qin and Wang, 2009a] . The stiffening induced by membrane forces becomes more clearly at large deflection, as shown in Fig. 6(a) .
3.2. The plastic neutral surfaces located out of the core (δ < −1 and δ > 1)
According to the associated flow rules of yield criteria Eqs. (2.14a) and (2.14b) for asymmetric sandwich beam and similar to Sec. 3, we have
The relations between P/P c and the normalized deflection W * 0 are Qin et al. and the relations of U * and W * 0 are
Replacing α and m in Eqs. (3.13a) and (3.11b) by 1/α and −m, we can obtain the solutions for the case of plastic neutral surface in the bottom face sheet.
Numerical Solutions and Discussions
Finite element calculations are carried out herein to study the large deflection of a fully clamped asymmetric metal foam core sandwich beams under transverse loading. The displacement loading is applied to a rigid roller. ABAQUS/Standard code is employed, and four node and bilinear plane strain quadrilateral elements (Type CPE4) with full integration are selected to model both the foam core and the face sheets. Due to the symmetry of the problem, half of the sandwich beam is considered in calculations. The vertical, horizontal and rotational displacements of nodes at the ends of the beam are zero. The contact property between the outer surface of the top face sheet and the rigid roller is modeled as frictionless as provided in ABAQUS code The typical samples of the asymmetric sandwich beams are considered as follows.
The half span of the sandwich beam is L = 1500 mm, the height of the foam core and total thicknesses of the top and bottom face sheets are c = 50 mm and h t + h b = 10 mm. Thus,c = 0.0333 andh = 0.1, respectively. Radius of the loading roller is R = 4 mm, thenR = R/L = 0.00267. Four kinds of the asymmetric factor are considered: 1) α = 2, 2) α = 1/2. There are 4500 elements in the computational model Appropriate mesh refinement at the location of loading point and near the end support of the sandwich beam is included and mesh sensitivity is checked in calculations.
The face sheets obey J 2 flow theory of plasticity. The metal foam obeys Deshpande-Fleck constitutive model [Deshpande and Fleck, 2000] implemented in ABAQUS which allows the shape change of yield surface due to differential hardening along the hydrostatic and deviatoric axes. The yield function for the foam core is ψ =σ − σ c = 0, (4.1)
with σ e ≡ 3s ij s ij /2 being von Mises effective stress, s ij the deviatoric stress, σ m ≡ σ kk /3 the mean stress and γ the shape factor of yield surface. The associated plastic flow rule is adopted and the plastic Poisson's v p is calculated by
The top and bottom face sheets are aluminum with yield strength σ f = 30 MPa, Young's modulus E f = 70GPa and elastic Poisson's ratio ν ef = 0.3, respectively. It is assumed that the face sheet obeys linear hardening law with tangent modulus E tf = 5 × 10 −4 E f and has sufficient ductility to sustain deformation without fracture. The isotropic aluminum foam core has yield strength σ c = 3 MPa Young's modulus E ef = 1 GPa, and elastic Poission's ratio ν ec = 0.3 and plastic Poission's ratio ν p = 0, respectively. The platform stress is σ c and the densification strain ε D = 0.5. Beyond densification, we assume that the metal foam obeys linear hardening law with tangent modulus E ct = 0.2E f . 
Comparisons with analytical solutions
In order to estimate the effect of strain hardening of face sheets, mean plastic flow stress (σ f + σ u )/2 (the ultimate tensile strength σ u = 47.5 MPa and the rupture strain ε u = 50% for face sheets) is used in theoretical analysis. Moreover, the length of the punch is a → 0. Comparisons of the present analytical solutions and numerical results for α = 2 and 1/2 are shown in Fig. 7 , respectively. It is seen that the present analytical solutions are in good agreement with numerical results in the post yield regime for the cases of α = 2 and α = 1/2 whose plastic neutral surfaces locate in the core, as shown in Figs. 7(a) and 7(b). The discrepancy appeared in the case of the small deflection may be due to neglecting the elastic deformation in theoretical analysis. Also, it is shown that the present analytical solutions for energy-deflection relation are in excellent agreement with numerical results, as shown in Fig. 7(b) .
Deformation mechanisms
It is clear from Sec. 3 that large deflection of asymmetric metal foam core sandwich beams involves two phases, i.e. interaction of bending and axial stretching and membrane. When the initial plastic collapse has been attained, the interaction of bending moment and axial force should be considered as the maximum deflection approaches the cross-section depth (h t + h b + c). If the deflection exceeds the depth of the sandwich cross-section, the membrane phase occurs. It is seen from Eq. (3.8c) and the fourth formula of Eq. (3.13a) that the sandwich beam stretches in a manner of plastic string and the load increases linearly with increasing the deflection. Usually, it is difficult to give a general failure criterion for sandwich beam due to the fact that plastic strain distribution in the sandwich beam is sensitive to the initial collapse mechanism and support condition. Herein, neglecting the plastic strain due to bending, we state a simple failure criterion on the basis of critical tensile strain f of the face sheet induced by stretching. Thus, one can obtain the critical deflection W f at failure, W 0f ≈ L 2(1 −ā)ε f (4.4) From Eq. (3.8c) and the fourth formula of Eq. (3.13a), we can respectively obtain the critical failure loads P f for the asymmetric sandwich beam,
for the case of −1 < δ < 1, and
for the case of δ > 1, wherec = c/L 4.3. The effects of core strength and loading punch size
The effects of core strength and loading punch size on the relation of load versus deflection for the fully clamped asymmetric (e.g., α = 2) sandwich beam under transverse loading by a flat punch are shown in Figs. 8 and 9, respectively. It is readily seen that the core strength and loading punch size have significant effect on the load-carrying of asymmetric metal sandwich structure. For a fixed value of deflection, the load increases with the increase of core strength and loading punch size, which become more significant in the case of large deflection. It is obvious from Eqs. (3.11a) and (3.11b) that for a fixed value of the plastic energy, the smaller the core strength and loading punch sizes are, the larger the corresponding deflection of the sandwich beam are. 
Conclusions
Large deflection of geometrically asymmetric metal foam core sandwich beam was analytically and numerically studied under transversely loading by a flat punch. A yield criterion was proposed for geometrically asymmetric sandwich structures, and analytical solution was obtained for the large deflection of fully clamped slender asymmetric sandwich beam, in which the interaction of bending and axial stretching was considered. The present analytical solution agrees well with the finite element numerical results. It can be concluded that the core strength and loading punch size have significant effects on the structural response of geometrically asymmetric sandwich beam, and the effect of asymmetry is negligible as the deflection is larger than the depth of the sandwich beam. It is clear that the axial stretching induced by large deflection should be considered in large deflection analysis, which plays an important role in the post-yield regime. Also, the present method is efficient and simple to deal with large deflection problem of asymmetric metal sandwich structure
